with mass spectrometry are used to study structural transitions of ubiquitin ions in the gas phase. It is possible to select and activate narrow distributions of compact and partially folded conformation types and examine new distributions of structures that are formed. Different compact conformations unfold, producing a range of new partially folded states and three resolvable peaks associated with elongated conformers. Under gentle activation conditions, the final populations of the three elongated forms depend on the initial structures of the selected ions. This requires that some memory of the compact state (most likely secondary structure) is preserved along the unfolding pathway. Activation of selected, partially folded intermediates (formed from specific compact states) leads to elongated state populations that are consistent with the initial selected compact formsevidence that intermediates not only retain elements of initial structure but also are capable of transmitting structure to final states.
Introduction
Understanding how protein structures are established and evolve remains one of the most challenging problems of biochemistry. 1 While it is often possible to stabilize different structures in different environments, it is rarely possible to capture intermediates as the polypeptide chains fold or unfold. There remains substantial uncertainty about the number (and nature) of folding pathways, kinetics and timing associated with formation of structural elements, and the question of whether structural elements are intrinsic to the polypeptide chain or imposed by environmental factors. New ion sources 2 for mass spectrometry (MS) combined with labeling strategies make it possible to follow folding populations in a manner that complements other solution techniques. [3] [4] [5] An issue that arises in the study of conformations in the absence of solvation effects is the structure of the gas-phase ion. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] For some systems, under some conditions, there is evidence that it may be possible to remove solvents in a manner that leaves an anhydrous form that retains a degree of memory of the solution state. 3, [5] [6] [7] 18, 22, 23 In this paper, we use a new ion mobility spectrometry (IMS) instrument to select and activate ions having specific cross sections. We report transitions associated with activation of specific gas-phase conformation types of electrosprayed ubiq-uitin. Ubiquitin is a small (76 residue) protein, and its structure and folding dynamics in solution have been the subject of extensive experimental and computational work. [24] [25] [26] [27] More recently, studies involving the conformations of the gas-phase ions have been reported. 3, [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] The results presented below indicate that activation of different compact forms (varying only slightly in cross section) of [M + 7H] 7+ ions (produced by electrospraying an acidic solution) can result in unfolding transitions that lead to substantially different final distributions of elongated structures. The results require that, during the unfolding transitions, some memory of the initial gas-phase compact structures is preserved in the intermediate and final states. As proposed previously, 41 we postulate that differences in final elongated forms are due to variation in secondary structure. This is the first study that provides direct evidence that populations of elongated conformations can retain a memory of initial structure after collisional activation.
The present work is closely related to several other studies of ubiquitin, 11, 28, 34, 37, 40 including some from our group. [30] [31] [32] Unsolvated ubiquitin ions favor three general types of structures: compact states, having cross sections Ω < 1120 Å 2 , partially folded states, where 1120 < Ω < 1500 Å 2 , and elongated states, with Ω > 1500 Å 2 . 30 Additionally, the population of these states reflects the solution and electrospray conditions. 31 When compact states are stored in a Paul geometry ion trap, 32 they undergo unfolding transitions; although the ion temperature is not strictly known, three phenomenological transition threshold times (30, 575 , and 1750 ms) for unfolding of the compact state can be observedsan indication of the existence of multiple structures (having the same initial cross section). Studies of structural transitions upon high-energy injection into drift tubes have also been performed; 30 however, these were done without selection of an initial state, and there was no evidence for differences in final distributions that would imply a memory of initial structures. The work presented below aids in our understanding of previous reports regarding ions in the gas phase, providing the first direct information about stateto-state pathways associated with transitions from different compact structures to different distributions of elongated structures. An understanding of the folding of polypeptide chains in the simplified gas-phase environment also complements general efforts to develop folding models. 42 
Experimental Section
Multidimensional Ion Mobility Measurements. The three drift region IMS-MS instrument used in these experiments is similar in design to instruments described elsewhere. [43] [44] [45] A schematic of the instrument is shown in Figure 1 . A brief overview of the experimental sequence and instrumental parameters is as follows. Positively charged ions of ubiquitin (bovine, Sigma 90% purity) were formed by electrospraying a 3 × 10 -5 M protein solution, 49:49:2 (% volume) water/acetonitrile/acetic acid, into the source region of an ion mobility/ mass spectrometer. The continuous beam of ions is guided into an initial ion funnel (F1) similar to designs described by Smith and co-workers; 46 here, ions are radially focused along the axis of the drift tube and accumulated into a concentrated packet (for ∼55 ms). The packet of ions is then released as a 100 µs pulse (by lowering the potential of a gating region, G1) into the first drift region (D1, ∼94 cm long), and different charge states and structures separate under the influence of a uniform electric field (9 V‚cm -1 ) according to differences in mobilities. As mobility-dispersed ions exit D1, they pass through an ion gate region (G2) that can be operated such that all ions (or those only of a specified mobility) are allowed to enter a second drift region (D2). Ions exiting G2 enter a second ion funnel (F2) where they are radially focused, 43, 47 and upon exiting F2 they enter an ion activation region (IA2). Thus, between the D1 and D2 regions, it is possible to select and activate a narrow distribution of ions, without significant loss of signal due to off-axis diffusion. The voltage across the activation region can be varied such that the transmitted ions undergo a range of energizing collisions with the buffer gas from essentially no activation (thermal conditions) to those that induce structural transitions without fragmenting the ions. At even higher energies, it is possible to induce fragmentation. 44 The ions transmitted through D2 are separated again until they enter a third ion gate (G3), funnel (F3), ion activation region (IA3), and drift region (D3, ∼94 cm long). This region of ion selection and activation operates analogously to the G2/F2/IA2 region. Ions that exit the drift tube assembly are focused into a reflectron time-of-flight mass spectrometer. 48 Selection and Activation of Narrow Distributions. Isolation of a narrow region of the distribution of mobility-separated ions is performed at the ion gates (G2 or G3). The ion gates of G2 and G3 are constructed with two grids spaced 0.30 cm apart with a delrin insulator 43 and function in a similar fashion as a Bradbury-Nielson gate. To select ions, the ion beam is deflected by raising a repulsive potential of 20 V to the second grid and then dropped for 100 µs to allow a short pulse of ions with a specified mobility to be transmitted into the drift region. The deflected ions are neutralized on the first grid. Timing of the ion gates is controlled by a pulse delay generator (model DG535, Stanford Research Systems, Inc.) and triggered by the initial pulse in the first ion funnel. Studies of voltages used to trap and gate ions indicate that there are no discernible changes in structure associated with handling of ions in either the source or gate regions.
To induce structural transitions (at IA2 and IA3), the ions are accelerated by changing the field. The IA2 and IA3 regions are ∼0.3 cm long, and for the present studies we use activation voltages of 80-170 V. As ions accelerate through these regions, they gain energy through collisions with the buffer gas. Further collisions (immediately after the IA regions) cool the ions to the buffer gas temperature. This heating/cooling cycle to induce transitions is analogous to the variable injection energy approach pioneered by Jarrold and co-workers.
49
Determination of Experimental Collision Cross Sections. It is useful to plot data on a cross-section scale. For drift tubes employing a uniform electric field, drift time distributions are converted to a crosssection scale using the relation 50 where z, e, kb, mI, and mB correspond to the charge state, electron charge, Boltzmann's constant, and masses of the ion and buffer gases, respectively, and N is the neutral number density. The electric field strength (E), drift tube length (L), buffer gas pressure (P), and buffer gas temperature (T) are measured precisely, such that collision cross sections from any two measurements typically agree to within (1% (relative uncertainty). The total drift times of ions in the present instrument are a composite of the time spent in each region, which is ultimately defined by the fields and trajectories (path length).
Although it is relatively straightforward to calibrate the drift time distributions for split-field instruments by using cross sections from the literature, 51 it is important to be able to determine reliable values directly from measurements within a single instrument. We have designed the D1 region such that, once ions enter this region, they experience a highly uniform field until they are selected at G2. In this case, the drift time of the selected ion corresponds to the delay time that is employed for selection in other regions, 43 ensuring a highly accurate measure of the mobilities of selected ions. We calibrate the drift times associated with the D2 + D3 and D3 regions in order to determine cross sections for new conformations that are formed upon activation.
Results and Discussion
Selection and Activation of Ions. Figure 2 shows several ion mobility distributions for the [M + 7H] 7+ state of electrosprayed ubiquitin that were recorded under different conditions. Included in this set is the initial distribution of ions formed by ESI. This spectrum shows that the distribution of [M + 7H] 7+ ions is dominated by compact states; the distribution is dominated by a sharp peak, centered at Ω ≈ 1040 Å 2 , as well as a broad, unresolved shoulder associated with a distribution of lower-mobility ions that tails into the region defined as partially folded states. The total fraction of compact states sampled directly from ESI comprises ∼80% of the distribution; 
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A R T I C L E S these conditions are consistent with our most gentle ion formation conditions and require that the level of collisional activation prior to additional experiments is minimal. Application of the gating process (at G2, as described above) allows for ion selection; several narrow distributions of ions resulting from selection with no activation are shown in Figure  2 . The observation that these distributions remain narrow over the remaining separation time is consistent with results that we have published recently. 45 The narrow peak shape requires that each narrow distribution of ion structures is relatively stable; that is, there appears to be no interconversion of one distribution of selected cross sections with another on the ∼10-30 ms time scale of the experiment. If such interconversion between different compact states did occur, then selection of a narrow distribution would result in a broad peak and indicate the possibility of a distribution of structures that are in (or have begun the process of reaching) equilibrium. The sharp peaks that are observed upon selection in Figure 2 require that this is not the case. Rather, the sharp features that are selected from the original electrospray distribution of [M + 7H] 7+ ions must be a relatively narrow range of kinetically trapped structures, having cross sections that are so similar that, if unselected, they appear as a single broader, unresolved peak in the (i.e., the "all ions") ion mobility distribution shown in Figure 2a . Upon collisional or thermal activation (or storage in an ion trap) of the entire distribution of ions, only broad features associated with a range of partially folded and elongated ions are observed. [30] [31] [32] Figure 2 also shows distributions that are obtained upon activation of several of the selected ions. Here, we consider two activation energies: 80 V (conditions we refer to as lowenergy activation conditions) and 100 V (or high-energy activation conditions). Both conditions lead to changes in the distribution of the selected ions, indicating that structural transitions have occurred. Especially interesting is the observation that the new distribution that is formed depends on the position of the selected ions. For example, low-energy activation of the highest-mobility, compact ions produces a new distribution (Figure 2g ) comprised of ∼7% compact, ∼65% partially folded, and 28% elongated structures, whereas activation of a narrow region of partially folded ions leads to formation of a broader distribution of partially folded states (Figure 2c,d) .
It is interesting that, upon activation, the most compact ions are most efficient at producing extended states (especially relative to the partially folded forms). From considerations of the unfolding process, one expects partially folded ions (with greater cross sections) to be farther along on the unfolding pathway, and thus these might be expected to generate elongated states with highest efficiency. The present results indicate that this is not the case. Instead, it appears that the higher density of charge in the more compact form (i.e., the coulomb energy) is the impetus for generating the largest-cross-section forms of the extended states. 52, 53 It is also interesting that no states appear to favor compact structures upon activation. This may indicate that compact forms of this charge state are less stable than the precursor states, or that the time required to produce compact ions (for example, from partially folded initial states) is much longer than the experimental time scale.
It is instructive to consider the distributions of the three resolved elongated structures (E1-E3) in more detail. These states can be favored under high-energy activation conditions. A striking feature of these data is that the populations of resolved elongated states clearly also depend on the initial structure that was selected for activation. We are surprised by this, because we have previously assumed any initial structure present to be randomized during the activation and unfolding process. Clearly this is not the case. Activation of the highest-mobility compact ions (Ω ≈ 1025 Å 2 ) leads to E1, E2, and E3 populations of ∼28, ∼21, and ∼10%, respectively. In comparison, activation of selected lower-mobility compact forms (e.g., Ω ≈ 1101 Å 2 ) leads to populations of ∼13, 17, and 20%, respectively. These differences are substantial; the fraction of E1 is a factor of ∼2.2 greater when formed by activation of the high-mobility compact ions than when formed upon activation of lower-mobility compact states. In contrast, the population of E3 is a factor of 2 less (for these respective states). Figure 3 provides a plot of the relative populations (obtained by integrating appropriate regions of the normalized distributions for all of the data we have recorded) of the compact, partially folded, and elongated conformer types formed upon activation as a function of the cross section of the selected ion. Under low-energy activation conditions, high-mobility compact ions give rise to all three conformer types (i.e., compact, partially folded, and elongated) upon activation. As the selected ion cross section of the compact state is increased to values near the partially folded threshold, the fraction of remaining compact states that is produced increases, apparently at the expense of formation of elongated states (which shows a decrease in population). For this region, there is a slight increase in the partially folded states. Thus, it appears that the highest-mobility compact forms are most capable of producing elongated states (at low energies). This is again consistent with the notion that these compact structures may be relatively destabilized by coulomb interactions.
Normalized Populations of States Formed upon Activation of Different Initial Structures.
At higher energies, the populations of partially folded and elongated states formed upon activation appear to be in direct competition; each varies with a nearly linear dependence on the cross section of the initial selected state. Elongated structures are favored upon activation of compact precursors, whereas partially folded states are favored upon activation of partially folded precursors (i.e., Ω g 1215 Å 2 ). Figure 3 also shows the populations for the E1, E2, and E3 states (obtained upon activation at 100 V). The transition in abundance between these three states is observed within the compact conformer type at Ω ≈ 1065 Å 2 . Prior to this transition, E1 is most abundant and E3 is least abundant. E3 dominates the elongated distributions for activation of low-mobility compact and partially folded initial states.
Evidence for a Memory of Initial Structure in the Final State. Taken in total, the variations in final populations that are observed upon activation of specific distributions of ions require that the latter forms have retained some degree of memory of the structures of the initial states. For example, by examining the ratios of E1 and E3 in Figure 3 , it is possible to determine which compact states were the precursors. The observation of an E1 population greater than that of E3 indicates a high-mobility compact form, whereas a population of E3 > E1 indicates lower-mobility compact states.
A substantial amount of work involving the characterization of ubiquitin structures in solution has been reported. [24] [25] [26] [27] Under native solution conditions, the protein exists as a compact, tightly folded structure that incorporates a -sheet and two R-helical regions. 26 In high-acidity solutions (similar to the solution used for ESI), ubiquitin favors an A state that conserves the secondary structure associated with the R-helical regions of the N-terminal half of the protein; the -sheet character associated with the C-terminal half is largely converted to a helix. 27 To have a cross section in excess of ∼1600 Å 2 , ubiquitin must exist as a highly extended structure that retains little or no elements of the tertiary folds found in solution; from these arguments, the memory of initial conformation that is preserved in the final distribution of elongated states must arise from differences in secondary structure that are preserved after unfolding of the initial compact states. Consistent with these ideas, McLafferty and co-workers have examined ubiquitin ions by electron capture dissociation and found evidence for substantial secondary structure in the absence of solvent. 36, 41 Is Structural Information from Initial States Preserved and Transferred through Partially Folded Intermediates? An important question that arises in these studies is how is the memory of the structure of the compact state transferred into the final distribution of elongated conformations. For example, does a compact conformation sample a partially folded structure prior to forming an elongated state, or does the compact to elongated transition avoid partially folded states (where the memory of the initial conformation may be lost)? To address these issues, consider the data in Figure 4 . Here, the selected high-mobility compact structures (Ω ≈ 1025 Å 2 ) are activated under low-energy conditions to produce a new distribution of states: ∼6% compact, ∼65% partially folded, and ∼29% elongated structures. From this new distribution, a narrow distribution of intermediate structures within the partially folded conformer type is selected at Ω ≈ 1485 Å 2 , and these ions are exposed to low-energy activation. Several features of this selection are noteworthy. Unlike selections (such as the sharp feature in Figure 4b ) from the initial distribution (Figure 4a) , selections of these intermediate states (produced upon activation, Figure 4c ) do not appear to be as stable. 45 That is, during the final separation (through D3), the peak associated with the partially folded selected ions (Figure 4d ) broadenssan indication that the region that was selected samples other conformations during the time required for transmission through D3. For comparison, we show the diffusion-limited peak shape calculated from the transport equation. 50 A comparison of the full widths at half-maxima of the experimental and theoretical peaks shows that the former is a factor of ∼3 broader, indicating that a range of partially folded states are sampled on the experimental time scale. Additionally, low-intensity shoulders (on both sides of the peak) are observable.
Upon low-energy activation, the selected partially folded states (Ω ≈ 1485 Å 2 ) broaden even more (Figure 4e ). It appears that some more compact, partially folded ions are formed (Ω < 1485 Å 2 ), as well as some partially folded structures that have more open conformations (Ω > 1485 Å 2 ). Additionally, a small population of elongated ions is produced. These ions have mobilities that are consistent with the E1, E2, and E3 states; integration of the areas under each feature yields relative populations of 47, 27, and 21%. That is, the population of E1 is a factor of ∼2.2 greater than the population of E3, the same ratio observed for elongated structures formed directly upon activation of the high-mobility compact structures (Figure 2) . Thus, we conclude that the Ω ≈ 1485 Å 2 intermediates formed from the high-mobility compact ions can also preserve the ratios of E1, E2, and E3 states that were observed in Figure 3 .
At higher activation energies (130 and 170 V, also shown in Figure 4 ), it is possible to convert all of the partially folded selected (Ω ≈ 1485 Å 2 ) ions into elongated conformations; however, the peak shape broadens. Under both of these higher activation conditions, a new reproducible feature that is not well resolved (Ω ≈ 1650 Å 2 ) is the largest peak in the distributions. This new unresolved distribution (observed at higher activation energies) appears to have lost much of the memory associated with lower energy activation.
Summary and Conclusion

IMS-IMS/MS and IMS-IMS-IMS/MS techniques have been
used to select and activate narrow distributions of conformation of the ubiquitin [M + 7H] 7+ state formed by ESI. The final distributions of states that are observed are highly dependent upon the initial distribution of selected ions. At low activation energies (80 V), compact states unfold to form a broad distribution of partially unfolded states as well as a smaller distribution of elongated structures. We note that this is the first observation of three resolved peaks associated with the elongated structure. Low-energy activation of narrow distributions of partially folded states leads to a broader distribution of ions still within the range associated with partially folded states. At high energy (100 V), it is possible to observe the three resolved peaks associated with extended structures.
It is interesting to consider the implications of the present results. First, it is clear that the population of the resolved unfolded states (E1-E3, Figures 2-4 ) depends on the initial distribution that is selected for activation. Activation of the highest-mobility form within the compact state to produce elongated ions favors formation of E1 elongated states (at low and high activation energies), whereas activation of a lowmobility distribution of compact ions favors E3. The observation that the distribution of elongated structures that is produced upon activation depends on the initial structure that is selected requires that the final distribution of elongated conformers has a memory of the initial state that was selected for activation.
In other IMS-IMS-IMS/MS studies, selection and activation of an intermediate (partially folded distribution) formed upon activation of an initial high-mobility compact state leads to primarily partially folded structures, with a small population of the resolved elongated states (E1-E3). The distribution of final elongated states (originating from the selected partially folded intermediate) resembles the population of elongated structures formed directly from the high-mobility compact initial structure. Thus, it appears that the partially folded intermediate not only retains a memory of the initial high-mobility state but also can transmit the distribution to the final distribution of elongated structures.
With these ideas in mind, it is interesting to consider the nature of structure that might be preserved. In previous studies, we have noted that the cross sections of elongated ions are much larger than the calculated values for folded structures, such as structures obtained from crystallographic and solution nuclear magnetic resonance studies; we anticipate little or no remaining tertiary structure. Instead, we postulate that elongated conformations may differ in the level of secondary structure that is preserved through the activation process. While this conclusion requires further investigation, it is supported by studies of secondary structure by MS-based techniques. 41 Overall, one might speculate that loss of tertiary structure through low-energy collisions may not impede the ability of recently developed nonergodic dissociation methods 19, 36, 41, [54] [55] [56] [57] to examine secondary structure.
